Understanding the genetic basis of complex traits has become one of the major issues in genetics, but recent advances in this field are still faced with a difficulty, the so-called "missing heritability." It is speculated that missing heritability mainly stems from a large number of variants of small effect that are poorly detected by currently available methods. In order to overcome this problem, many recent genetic studies of complex traits have actively used outbred stocks of mice. However, most of the available outbred stocks have a limited amount of genetic variation, because many stocks originate from Swiss mouse colonies. We have repeatedly shown that wild-derived strains are a useful mouse resource since there is a large genetic diversity among these strains. Here, we give an overview of mouse resources produced by crossing different founder mice. Finally, we propose an advantage of new attempts to conduct selective breeding using heterogeneous stocks created by mixing genomes of wild-derived inbred strains of mice when studying complex traits.
Introduction
Quantitative traits are influenced by multigenic factors. Recently, many attempts have been made to characterize genetic factors, quantitative trait loci (QTLs), for a variety of complex traits [13, 19, 28, 30, 31, 33] . Although QTL mappings were successful for many traits, further attempts to identify responsible genes represent challenging work that remains to be done. This is due to the small effect size of a dozen or more QTLs; thus, finding a gene at each locus is difficult work. This is a major problem in the genetic analysis of complex traits and is frequently referred to as "missing heritability" [11] . For this reason, developing a new approach for understanding the genetic architecture of complex traits is essential.
A genome-wide association study (GWAS) is a method to examine a large number of genetic markers across the genome in a large population sample to identify loci associated with human diseases [3, 15, 34, 35] . For this, the extent of linkage disequilibrium (LD) in a human population will be sufficient to identify common variations with a significant effect that associate with complex traits. In addition to genetic studies in a human population, a suitable animal model of a human population is necessary to mimic the genetic heterogeneity in which extreme cases may be linked to disease-like phenotypes.
Outbred stocks of mice have been used for a variety of animal studies for many years [2] . One of the reasons people use outbred stocks is the vast heterogeneity of genetic material in the stock. Therefore, it is supposed that the stock mimics human populations and allows the surveying of a broad range of genomic constitutions. Outbred mice generally breed well, live longer, and are resistant to many diseases. The fact that outbred stocks have a marked genetic heterogeneity and show a highly efficient reproductive performance brought the stocks to the stage of modern genetics.
Mapping Resolution
Recently, it was proposed that outbred stocks are a useful resource for QTL mapping, as these mice carry high-density recombinations in their genomes, making it possible to conduct efficient genetic mapping of QTLs for complex traits. For high-resolution genetic mapping of QTLs, two factors should be considered. One is LD decay, and the other is the minor allele frequency [35] . These two factors have a seesaw-like relationship because larger numbers of generations accumulate more recombinations in the genome but also allow the random drift of allele frequencies. For genetic mapping, a low level of LD is essential, as this will directly affect the resolution of genetic mapping. In the case of outbred stock, a long breeding history for the stock allows the accumulation of recombinations and results in a low level of LD. Many outbred stocks have been bred for hundreds of generations since the establishment of closed colonies. In the course of breeding, linkage of the original haplotype of ancestral mice was broken down into a variety of diverse new haplotypes. In each generation, meiotic recombinations occur on chromosomes at a genetic distance of every 100 cM, nearly 200 Mbp, on average (Fig. 1A ). This size is quite similar to that of mouse chromosome 1 [7] . In the early generations after the initiation of breeding, haplotype blocks are broken down rapidly, but reduction of the block size becomes relatively slow after four generations (Fig. 1B) . Therefore, it is essential to breed for a large number of generations to obtain a low LD. In the case of a small colony, however, variation in new haplotypes is limited, resulting in reduced mapping resolution.
Allele Frequency
The minor allele frequency is a major factor reducing the power of QTL detection in GWAS studies using outbred stocks. The occurrence of minor alleles is inevitable because random genetic drift will reduce the genetic variance, and on the other hand, new mutations arise in the population as the number of generations increases. In order to avoid random genetic drift, outbred stocks are kept as large colonies. Yalcin et al. (2010) recently reported the results of the characterization of genetic heterogeneity in commercially available outbred stock colonies [35] . There are many stocks available from breeding companies or research institutes, and the stocks were categorized into seven groups based on the history of breeding. Among them, most of the groups, NMRI, CFW (MF1), ICR (CD1), NIHS, ND4, and SW, are derived from Swiss mice, and the other groups are nonSwiss stocks (TO, SABRA, CF1, NSA, and OF1). Mice from the original colonies of each outbred stock were transferred to many breeding facilities and kept as outbred stock colonies, and this had a bottleneck effect in each case of transportation. The 66 outbred stock colonies were surveyed for inbreeding, genetic diversity, and LD. Among them, some of the colonies were shown to be suitable for gene-level genetic mapping, as the haplotype blocks were less than 100 kb. In contrast, 9 colonies exhibited heterozygosities of less than 10%, and 10 colonies showed inbreeding coefficients greater than 10%. These 19 colonies are not useful for association studies. Thus, it is very difficult to maintain heterogeneity in the breeding colonies of outbred stocks. In addition to unintended inbreeding, which is observed frequently in outbred colonies, genetic drift is another serious problem. The inheritance of alleles of each locus occurs by chance. Therefore, the genetic constitutions of the colonies change from generation to generation. The number of alleles at each locus will be dependent on unintended selection and genetic drift. In a colony with a large population size, one may expect the maintenance of all types of allele, but the percentage of alleles will be largely different among them. In a relatively small colony, it is difficult to keep all types of allele in the colony. Indeed, Yalcin et al. (2010) found that four colonies were almost inbred, as heterozygosities were less than 5% [35] . In addition to the genetic drift of alleles, large effective population sizes in these colonies will allow new mutations occasionally. Some of these new mutations will be excluded from the population by chance, but some others will be maintained. Subsets of these newly occurring mutations influence the phenotype and are maintained as effective minor alleles. These effective minor alleles will reduce the power of QTL detection in association studies.
In order to maintain the genetic heterogeneity in closed colonies, several attempts have been made to establish mouse stocks. In the following section, we will summarize three different mouse resources that have been produced by mixing genetically different founder mice.
Mouse Resources with Mixed Genomes

Outbred stocks
As we mentioned in previous sections, establishing and maintaining outbred stocks need careful consideration in the mating designs to preserve heterogeneity in the colony. Concerning the mating design, several different methods have been developed and used for establishing outbred stocks (Fig. 2) [2] . All the methods are useful to produce outbred stock while avoiding extreme inbreeding. A random mating design with equal contribution from founder pairs is the simplest design and is suitable for increasing the mapping resolution and controlling genetic drift while avoiding inbreeding [22] . In order to avoid inbreeding, these stocks need to be kept as large colonies. In order to reduce the loss of alleles from the colony, 200 breeding pairs are generally required [2, 36] . This is one of the main reasons why outbred stocks are available mostly from commercial breeders and not from research laboratories.
Collaborative cross
It has been shown that recombinant inbred lines (RILs), created by 20 consecutive intercrossing of pairs of independent F 2 progeny from two inbred strains, are potentially useful for the genetic mapping of complex traits [32] . However, the disadvantage of this mouse resource is that limited numbers of lines have been produced for standard panels. In most cases, the numbers of lines were too small for high-resolution genetic mapping. The collaborative cross (CC) is an extensively large panel of RILs currently under development [1, 4, 5, 14, 21] . The CC originates from eight diverse inbred strains, five laboratory strains (A/J, C57BL/6J, 129S1/SvImJ, NOD/LtJ, and NZO/H1LtJ) and three wild-derived strains, CAST/EiJ (castaneus subspecies group), PWK/ PhJ (musculus subspecies group), and WSB/EiJ (domesticus subspecies group). In the CC, these eight founder strains are believed to contribute equally; therefore, large genetic diversity in the panel of RILs is expected. As the initial plan of this project was to establish 1,000 RILs, it will provide high resolution for genetic mapping once all the RILs are established [5] . However, only 350 lines are currently available from three independent breeding facilities [6] . Recently, a new approach for producing outbred stock from progenitor lines of the CC was proposed; thus, it may not be necessary to maintain a large number of inbred strains [25] . For the outbred stock, animals from an early stage of inbreeding for establishing CC lines were used to establish the outbred population and cover the same set of allelic variants of the eight founder strains. These mice were maintained by a randomized outbreeding strategy with 175 breeding pairs. As the breeding design expands genetic diversity among mice, the CC-derived outbred stock provides a large phenotypic diversity and a high mapping resolution.
Heterogeneous stock
Heterogeneous stock (HS) is a kind of outbred stock made by crossing four or eight founder inbred strains while avoiding sibling mating. Hitzemann and his colleagues established an HS from eight laboratory strains, A/J, AKR/J, BALB/cJ, C3H/HeJ, C57BL/6J, CBA/J, DBA/2J, and LP/J [10] . In order to create this HS, each of these eight strains was mated with different strains in the group, and subsequently, 24 families were maintained in a circle breeding design. The number of families used to maintain the HS is a crucial factor to preserve distinct alleles from the eight founder strains. To quantitatively characterize the effect of random segregation, we simulated the evolution of a colony of eight pairs that were kept in the circle breeding design, which had an initial number of copies of each allele at each locus of four. As the generations proceeded, the number of copies deviated from four, and some alleles could be lost from the colony (Fig. 3A) . Indeed, there is quite a high risk of loss of an allele even after six generations (>12% of cases). Furthermore, the number of lost alleles gradually increases from generation to generation (Fig. 3B) . Based on these simulations, it is clear that the number of alleles kept in a colony is subject to considerable random fluctuation. Therefore, optimizing the colony size and generations will be crucial for establishing an HS.
An HS was used for QTL mapping of ethanol-induced locomotor activity and arthritis severity and allowed fine-mapping of these traits. As the HS was intercrossed for many generations, for example >50 generations, without sibling crosses, the chromosomes accumulated many recombinations, which resulted in a fine-grained mosaic of chromosomes that originated in different founder strains [15] . Valdar and his colleagues used an HS for QTL mapping of 97 traits, such as human diseaselike, immunological, biochemical, and hematological phenotypes, and mapped 843 QTLs with an average 95% confidence interval of 2.8 Mb [34] . This study revealed that HS is a powerful resource for the genetic mapping of complex traits.
Selective Breeding of Genetically Heterogeneous Mice
Selection studies were conducted to show evidence for the genetic influence on complex traits, such as behavior, in the early stage of genetic research on quantitative traits. One of the well-known examples in mice is bidirectional selection breeding for open-field activity, in which anxiety-like behavior was assessed [8, 9] . In that study, ten litters were chosen randomly from a large heterogeneous population, and the most active male and female, two least active mice, and two control mice were chosen. For mating, the high-activity male was mated with the high-activity female of another litter, thus producing 10 pairs without sibmating. Similarly, the lowactivity male was mated with the low-activity female. For the control line, a randomly chosen male was mated with a randomly chosen female in a similar way. One replicate of these mating populations was produced to show reproducibility. In the subsequent generations, similar matings were performed and repeated for 30 generations by the time their paper was published [8] . Consequently, six closed colonies were established. The results of this selective breeding clearly showed the continuous change in open-field activity as the generations progressed, and the difference between high-and lowactivity groups became clear at the 30th generation. Swallow et al. (1998) selected for increased voluntary wheel running in an outbred colony, Hsd:ICR [26] . In breeding, four highly selected and four control (10 families/colony) colonies were generated. After 10 generations of selection for higher levels of voluntary wheel running, mice in the selected colonies showed an average 75% increase in activity levels compared with the control line. As these studies showed, selective breeding worked well to establish colonies in which animals showed the target phenotype reproducibly. Recently, Zombeck et al. (2011) started new selection experiments using mice in the G2:F1 generation of CC founders [6, 36] . Since the founders of CC include three mouse subspecies, domesticus, musculus, and castaneus, as well as five laboratory strains, wider heterogeneity is expected. In their study, mice were selected for home-cage activity. As a result, the high-activity line displayed a significant response to selection for a higher level of home-cage activity through five generations of selection. Because breeding was conducted to avoid sibling crosses, the resulting population is similar to an HS. The results of this preliminary study of ongoing selective breeding indicated that HSs produced by crossing multiple inbred strains are ideal resources for selection studies and further fine genetic mapping studies. 
Proposal of a New Approach to Elucidate Complex Traits
We have been working on wild-derived mouse strains, as these strains show wider genetic diversity than among laboratory strains [17, 23] . In the analyses of complex traits in wild-derived strains, we identified a marked diversity of phenotypes among strains [12, 17, 24, 29] . The phenotypic diversity is believed to be a result of genetic diversity among wild-derived strains, as shown by several studies on genomic polymorphisms of these strains [17, 18, 20, 23, 27] . As each wild-derived strain has a different evolutionary history, we can expect a unique haplotype in each strain [16] . Therefore, mixing eight wild-derived strains to produce an HS is markedly useful to expand genetic diversity in the colony. The combination of an HS created from eight wild-derived strains and selective breeding of a particular complex trait is highly advantageous for elucidation of the genetic mechanisms underlying various types of complex traits.
